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AB8TMCT 


A  synoptic  Investigation  %iras  conducted  of  the  rapid  coastal 
cyclogenesis  that  occurred  during  Intensive  Observation  Period 
(lOP)  5A  of  the  Esqperiment  on  Rapidly  Intensifying  Cyclones  over 
the  Atlantic  (ERICA) .  Navy  Operational  Regional  Analysis  and 
Prediction  System  (NORAPS)  forecasts  were  examined  in  order  to 
study  the  mesoscale  frontal  evolution  associated  with  this  rapidly 
deepening  coastal  cyclone.  The  ability  of  the  NORAPS  forecasts  to 
accurately  depict  the  frontal  positions  and  intensity  was  also 
Investigated. 

The  frontal  evolution  showed  characteristics  of  a  classical 
occlusion,  similar  to  the  Norwegian  cyclone  model  emd  of  marine 
frontal  structure  as  discussed  by  Shapiro  and  Keyser  (1990).  The 
frontal  evolution  was  highly  influenced  by  the  prior  exls tense  of 
strong  arctic  emd  coastal  fronts.  These  fronts  Intensified  during 
the  course  of  the  storm  develofonent  emd  did  not  develop  as  a  result 
of  the  cyclogenesis. 

The  NORAPS  model  forecasts  were  compared  against  satellite 
imagery,  station  reports  euad  observed  soundings  taken  during  the 
ERICA  study.  The  NORAPS  model  was  found  to  be  an  excellent  tool  for 
forecasting  the  mesoscale  frontal  structure  and  Intensity  of  this 
rapidly  deepening  coastal  cyclone. 
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I.  ZMTRODDCTZQH 


Rapid  oceanic  cyclogenesis  adversely  islets  military 
operations  by  disrupting  the  use  and  defense  of  the  sea  lines 
of  coomunication.  These  storms  are  associated  with  high  winds 
euid  waves  that  also  restrict  visibility  auid  pose  substantial 
danger  to  both  personnel  and  property.  Unfortunately,  since 
the  oceans  are  regions  where  observational  data  coverage  is 
poor,  accurate  predictions  of  rapidly  deepening  cyclones  are 
often  not  obtained.  In  addition,  although  the  large-scale 
processes  that  contribute  to  rapid  cyclogenesis  are  well 
documented  (Uccellinl,  1990) ,  the  role  that  mesoscale 
processes  play  in  the  development  and  evolution  of  eoqplosively 
developing  cyclones  remains  a  research  issue.  Moreover, 
mesoscale  features  (e.g.  fronts)  can  have  a  significant  impact 
on  local  weather,  but  may  not  be  represented  well  by 
operational  numerical  models. 

The  damage  caused  by  the  weather  associated  with  a  rapidly 
developing  surface  cyclone  can  be  extensive.  Therefore,  it  is 
Imperative  that  forecasts  of  the  occurrence  emd  location  of 
rapid  cyclogenesis,  emd  the  attendant  mesoscale  circulation 
features  be  as  accurate  and  timely  as  possible.  For  exaxtple, 
aua  accurate  depiction  of  the  mesoscale  structure  of  a 
developing  cyclone  would  allow  for  the  Issuance  of  more 
precise  ^md  detailed  forecast  warnings .  This  need  for  a 
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clearer  understanding  of  the  synoptic  and  mesoscale  dynamics 
of  rapid  cyclogenesis  led  to  the  Office  of  Naval  Research 
(ONR)  sponsored  Experiment  on  Rapidly  Intensifying  Cyclones 
over  the  Atlantic  (ERICA)  during  the  winter  of  1988-1989.  The 
extensive  data  set  obtained  from  this  e3q>eriment  provides  an 
excellent  opporttinity  to  investigate  the  factors  that 
contribute  to  rapid  cyclogenesis.  During  the  1988-1989 
observation  period  (December  1988  until  February  1989)  of 
ERICA,  nine  cyclone  cases  were  studied. 

The  goal  of  this  thesis  is  to  explore  aspects  of  one 
particularly  interesting  cyclone  case  observed  during  ERICA 
intensive  observation  period  (lOP)  5A.  This  storm  (lOP  5A) 
developed  along  the  New  Englamd  coast  and  had  a  deepening  rate 
of  15  mb  in  six  hours  (Spinelll  1992) .  Specifically,  an 
assessment  of  the  Navy  Operational  Regional  Atmospheric 
Prediction  System  (NORAPS)  will  be  conducted  to  evaluate  the 
capability  of  the  model  to  predict  mesoscale  features 
associated  with  the  cyclone  development.  In  addition,  a 
conparison  between  the  frontal  evolutions  associated  with 
rapidly  deepening  oceem  storms  and  the  coastal  lOP  5A  storm 
will  be  performed  to  determine  if  maritime  frontal  evolution 
Cem  be  generalized  to  a  coastal  environment. 

The  remainder  of  the  thesis  is  organized  as  follows. 
Chapter  II  provides  background  information  on  rapid 
cyclogenesis,  the  ERICA  project,  current  frontal  models  and  a 
description  of  the  NORAPS  model.  Chapter  III  presents  a 
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synoptic  discussion  of  the  mesoscale  frontal  evolution  of  the 


I0P-5A  cyclone  as  well  as  model  verification 
cooqparlsons  with  actual  observations.  The  final 
contains  conclusions  auid  recommendations. 


through 

chapter 
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ZZ.  BACKOROOBD 


A.  RlVZnr  OF  CrCLOOBBSZS 

Sanders  and  GyaJaun  (1980)  define  am  esqplosively 
developing  extratropical  cyclone  as  one  in  which  the  central 
pressure  fall  averages  at  least  one  mb  h  for  24  hours.  In 
a  northern  hemispheric  climatological  study  (for  the  period 
Septeniber  1976  to  May  1979) ,  Samders  and  Gyakum  (1980)  foxmd 
that  these  cyclones  are  primarily  a  maritime  cold  season  event 
that  usually  occur  downstreaun  of  a  mobile  500  mb  trough  within 
or  poleward  of  the  maocimum  westerlies  amd  within  or  ahead  of 
plametary- scale  troughs.  Furthermore,  these  storms  occur  most 
frequently  at  the  western  portion  of  the  North  Atlantic  amd 
Pacific  storm  tracks  near  regions  of  strongest  SST  gradients. 

Wash  et  al.  (1988)  note  that  there  is  a  growing  consensus 
that  both  upper- level  amd  lower- level  processes  must  work  in 
concert  for  rapid  cyclogenesis  to  occur.  This  philosophy  is 
echoed  by  Uccellini  (1990)  who  describes  the  upper-  amd  lower- 
level  features  that  are  common  to  rapidly  developing  cyclones. 
Soa»  of  these  common  features  include:  (1)  jet  streadc  induced 
circulations  with  enqphasis  on  the  circulation  pattern  in  the 
entramce/exit  regions  of  the  jets;  (2)  extrusion  of 
stratospheric,  high  potential  vozrticity  (FV)  into  the  upper 
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emd  middle  troposphere;  (3)  advection  of  absolute  vorticity  by 
the  thermal  wind  particularly  at  the  500  mb  level;  (4)  the 
thermal  advection  pattern  in  the  lower  troposphere  in 
conjimction  with  the  presence  of  low-level  baroclinic  zones 
amd  strong  low-level  winds;  (5)  sensible  cmd  latent  heat 
fluxes  in  the  boundary  layer  (especially  over  the  oceaui) ;  (€) 
the  decrease  of  the  static  stability  in  the  lower  troposphere 
related,  in  part,  to  the  boundary- layer  heating  noted  eUbove; 
and  (7)  orographic  effects.  Uccellini  (1990)  hypothesizes 
further  that  these  individual  processes  may  be  necessary  but 
not  sufficient  to  cause  rapid  cyclogenesis  auid  that  nonlinear 
effects  may  be  inportant.  In  general,  a  high  degree  of 
vari6ibility  between  storms  and  the  manner  in  which  individual 


processes  interact  appears 

to 

be  the 

key 

to 

rapid 

cyclogenesis . 

Finally, 

Wash  et  al . 

(1992) 

foxjnd 

that 

there 

are 

slgniflceuit 

differences  in 

the 

initial 

conditions 

for 

explosive  and  none3q>losively  deepening  storms.  The  e:q}losive 
developing  storms  display  stronger  upper- level  divergence, 
stronger  positive  vorticity  emd  a  more  vigorous  upward 
vertical  motion  at  the  initial  development  time.  In  addition 
they  also  found  that  the  presence  of  an  upper- level  source  of 
divergence  properly  phased  with  the  low-level  incipient  systan 
was  crucial  for  further  rapid  development. 
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B.  A8PBCTS  OF  THE  IZFBRIlIBilT  (»  RAPIDLY  HITBMSZFTZNQ  CTC3jQIIBS 

OVER  TOE  ATLANTIC  (ERICA) 

The  ERICA  field  study  was  designed  to  study  rapid 
cyclogenesis  and  collect  data  over  the  northeastern  United 
States  and  southeastern  Canadian  coasts,  a  known  region  for 
rapid  cyclogenesis  events.  Hadlock  and  Kreitzberg  (1988) 
identified  three  specific  objectives  of  the  progreun, 

”...  (1)  understamd  the  fundcunental  physical  processes 
occurring  in  the  atmosphere  during  rapid  intensification 
of  cyclones  at  sea,  (2)  determine  those  physical 
processes  that  need  to  be  incorporated  into  dynamical 
prediction  models  through  efficient  parameter! zat ions  if 
necessary  and  (3)  identify  measurable  precursors  that 
must  be  incorporated  into  the  initial  cuialysis  for 
accurate  and  detailed  operational  model  predictions . " 


The  field  phase  of  ERICA  was  conducted  from  1  Decexnber 
1988  to  26  February  1989,  and  involved  several  agencies  and 
collection  platforms.  To  meet  the  goals  of  the  experiment,  the 
field  study  utilized  research  aircraft  from  the  U.S.  Navy, 
U.S.  Air  Force,  the  National  Center  for  Atmospheric  Research 
(NCAR) ,  euid  the  National  Oceanic  and  Atmospheric  Agency 
(NOAA) .  Other  special  data  included:  moored  euid  air-deployed 
drifting  buoys,  coastal  marine  stations,  ships  of  opportunity 
emd  supplemental  rawinsondes.  The  conventional,  operational 
meteorological  systems  routinely  employed  by  the  United  States 
and  Canada  were  also  used. 

During  the  field  study,  a  total  of  nine  Intensive 
Observation  Periods  (lOP's)  were  conducted.  The  criteria  for 
an  lOP  was  that  a  cyclone  intensification  of  at  least  ten  mb 
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(€  h)  for  at  least  six  hours  was  es^ected  within  the  ERICA 
domain. 

C.  MISOSCALB  FRONTAL  STRUCTURB  OP  CTCLONBS 

The  Norwegian  cyclone  model  developed  by  Bjerknes  emd 
Solberg  (1922)  has  provided  a  conceptual  understanding  of  the 
evolution  of  frontal  systems  associated  with  extratropical 
cyclones.  At  the  time  this  theory  was  developed,  Bjerknes  did 
not  have  technological  resources  nor  a  detailed  upper-air  data 
collection  network  to  support  his  conclusions.  As  technology 
and  data  collection  have  advauiced,  so  to  has  the  theory  of 
frontal  development. 

Detailed  ERICA  observational  studies,  and  realistic 
niunerlcal  simulations  led  Shapiro  and  Keyser  (1990)  to  pose  a 
new  conceptual  model,  which  describes  four  phases  of  frontal 
structure  during  the  life  of  an  extratropical  cyclone  (Figure 
1) .  The  four  phases  are, 

”...  1)  the  continuous  and  broad  front  which  represent 
the  birthplace  of  the  incipient  frontal  cyclone;  2)  the 
frontal  fracture  in  the  vicinity  of  the  cyclone  center  and 
scale  contraction  of  the  discontinuous  warm  and  cold 
frontal  gradients;  3)  the  frontal  T-bone  and  bent -back 
warm  front,  characteristic  of  the  midpoint  of 
cyclogenesis;  euid  4}  the  warm- core  seclusion  within  the 
post -cold  frontal  polar  air  strecun  representing  the 
culmination  of  frontal  evolution  with  the  mature  fully 
developed  cyclone.” 

This  conceptualization  by  Shapiro  amd  Keyser  (1990)  has 
been  verified  by  observation  on  two  occasions,  and  has  been 
reproduced  in  numerical  model  simulations.  One  observational 


case  occurred  In  the  central  Pacific  on  6-10  March  1987,  and 
is  discussed  by  Shapiro  and  Keyser  (1990) .  An  example  of  the 
frontal  fracture  and  the  T-bone  phase  «ras  also  observed  during 
a  pre-ERICA  test  flight  on  27  January  1988.  The  details  of 
that  study  are  discussed  by  Neimzm  et  al.  (1990).  Both 
observed  situations  were  located  in  marine  environments. 
Neiman  and  Shapiro  (1993)  also  observed  the  four  phases  of 
frontal  development  during  ERICA  TOP- 4  cyclone  which  occurred 
between  4  and  5  Jeuiuary  1989.  They  found  frontal  features 
consistent  with  their  conceptual  model  extended  upward  to  500 
mb  and  were  most  p-^^^nounced  at  the  850  mb  level. 

Presently,  it  is  not  known  whether  this  frontal  hypothesis 
can  be  generalized  to  other  (non-marine)  types  of  storms.  For 
instance,  in  contrast  to  Shapiro  and  Keyser  (1990) ,  Mass  and 
Shultz  (1993)  found  that  the  surface  frontal  system  evolved 
into  a  classical  occlusion  pattern  similar  to  that  associated 
with  the  Norwegian  cyclone  model  in  a  simulation  of  rapidly 
developing  cyclone  over  land.  However,  the  800  mb  thermal 
field  suggested  a  bent -back  warm  front  emd  weeUcer  cold  front 
as  in  the  T-bone  model.  Mass  and  Shultz  speculated  that  the 
difference  between  their  results  and  those  of  Shapiro  euad 
Keyser  (1990)  could  be  attributed  to  the  difference  between 
the  surface  friction  properties  of  the  land  and  the  ocean. 
One  objective  of  this  thesis  is  to  determine  whether  the 
Shapiro  and  Keyser  frontal  evolution  existed  during  the 
rapidly  deepening  ERICA  IOP-5A  coastal  cyclone. 


8 


O.  TBI  HBYT  OPBSATZOKAL  SBQZOMBL  AHIOSPBB&ZC  PSDICTZOH 

STSTt  (MOBAPS) 

In  order  to  provide  more  accurate  short  term  (36>48  h) 
forecasts  for  given  regions  of  the  globe,  the  Naval 
Environmental  Prediction  euid  Research  Facility  (NEPERF) 
developed  the  Navy  Operational  Regional  Atmospheric  Prediction 
System  (NORAPS)  .  The  NORAPS  model  was  designed  to  be  globally 
relocatable,  with  a  choice  of  either  a  Mercator,  Lambert 
conformal  or  a  polar  stereographic  grid.  The  grid  spacing  in 
both  the  horizontal  and  vertical  as  well  as  the  number  of  grid 
points  to  be  used  can  be  altered  to  any  desired  level.  A 
detailed  description  of  the  operational  model  is  contained  in 
Hodur  (1982)  and  Hodur  (1987) . 

For  this  study,  a  research  version  of  NORAPS  was  used. 
This  version  contains  several  modifications  to  the  operational 
model.  The  hydrostatic  primitive  equations  are  solved  on  an 
Arakawa*C  grid  with  a  sigma  vertical  coordinate.  Advectlon  is 
hcuidled  using  fourth-order  finite  differencing.  Bovindary 
conditions  are  taken  from  the  U.S.  Navy  Operational  Global 
Atmospheric  Prediction  System  (NOGAPS)  at  six  hour  intervals. 
The  analysis  portion  of  NORAPS  performs  a  multi- variate 
c^tlmum  Interpolation  cuialysis  on  16  standard  pressure  levels 
every  six  hours  using  (NOGAPS)  as  the  first  guess.  The 
horizontal  d(xnain  consists  of  a  109  x  82  grid  point  array 
centered  at  45^,  65*V.  The  horizontal  resolution  is  60  Ion  and 
the  model  is  run  with  a  40  second  esqpllcit  time  step.  Terrain 
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l8  obtained  from  the  U.S.  Navy  ten  minute  data  base. 
Additional  details  on  the  NORAPS  analysis  method  used  in  this 
study  are  provided  in  Hlrschberg  and  Langlamd  (1992) . 
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ZZZ.  rSOHTIL  KVOLUTZOW  OF  BtZOk  ZOP>5A 

The  time  period  18-22  Janiiary  1989  was  one  of  the  more 
Interesting  of  the  BRICA  project.  During  this  five  day  period, 
two  rapidly  intensifying  cyclones  developed  within  36  h  over 
the  western  North  Atlamtic  Ocean.  The  first  cyclone,  IOP-5, 
developed  off  the  mid-Atlantic  coast  amd  tracked  along  the 
north  urall  of  the  Gulf  Stream,  reaching  a  maocimum  deepening 
rate  of  18  mb  (6  h)'^  (Hadlock  et  al.  1989).  The  second 
cyclone,  I0P-5A,  developed  northeast  of  Laike  Ontario  amd 
tracked  along  the  Cauiadiaui  Marltimes  coast,  reaching  a  maucimum 
deepening  rate  of  15  mb  (6  h)'^. 

This  later  storm  is  of  particular  significamce  because  it 
is  a  coastal  developing  storm  which  combines  rapid  deepening 
over  lauad  as  described  by  Mass  amd  Shultz  (1993)  and  also 
characteristics  of  marine  development  summarized  by  Shapiro 
amd  Keyser  (1990) . 

Splnelll  (1992)  conducted  a  synoptic  investigation  of  lOP- 
5A  amd  determined  several  factors  that  contributed  to  the 
rapid  development  of:  the  cyclone.  Those  factors  were:  1) 
signlf  icamt  lower  tropospheric  thermal  advection  preceding  the 
rapid  intensification;  2)  favorable  superposition  of  a  mobile 
500  xnb  trough  over  the  frontal  wave  providing  upper- level 
suf^ort;  3)  the  presence  of  a  jet  streaUc  on  the  eastern  side 
of  the  300  xrib  trough  amd;  4)  Intense  upward  vertical  motions 
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within  the  frontal  cloud  band  of  the  cyclone.  In  addition,  an 

evaluation  of  the  NORAPS  model  forecast  against  the  NORAPS 

model  analysis  was  conducted  to  determine  the  effectiveness  of 

the  model  in  accurately  simulating  a  rapidly  developing 

coastal  cyclone.  Spinelli  (1992)  concluded: 

"On  the  synoptic  scale,  the  NORAPS  model  forecasts 
produced  a  realistic  simulation  of  the  rapid  cyclogenesis 
event.  The  in^rtamt  large-scale  features  such  as  location 
and  intensity  of  the  500  and  300  mb  troughs,  vorticity 
centers,  jet  streaks  aind  upper- level  divergence  areas  were 
represented  well.  Thus,  the  model  forecasts  of  the  IOP-5A 
cyclone's  position  and  intensity  were  relatively 
accurate . * 

Figure  2  depicts  the  track  of  the  IOP-5A  cyclone.  The 
position  and  central  pressure  are  presented  for  the  forecast 
amd  analysis  at  six  hour  Intervals.  In  this  study,  as  in 
Spinelli  (1992) ,  the  model  initialization  time  was  1200  UTC  20 
January  1989.  Hereafter,  time  smd  date  will  be  denoted  as 
date/hour  minute  (e.g.,  20/1200Z) .  The  largest  surface 

pressure  error  was  an  under  forecast  of  five  mb,  which 
occurred  during  the  rapid  deepening  phase.  Forecast  positions 
were  very  accurate  with  some  error  (forecast  low  northwest  of 
the  observed  low)  at  the  end  of  the  development  period  (Figure 
2) .  Table  1  from  Spinelli  (1992)  further  illustrates  the 
excellent  model  performance. 

In  order  to  illustrate  the  model  perfomance  aloft.  Figure 
3  depicts  the  500  mb  forecast  geppotential  height  forecast 
minus  analysis  height  difference  for  the  24  h  prognosis.  At 
21/1200Z  there  exists  an  open,  short  wave  pattern,  with  a  deep 
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trough  extending  from  the  Bay  of  Pundy  along  the  U.S.  east 
coast.  The  largest  positive  errors  (only  approximately  40  m) 
appear  on  the  downstream  side  of  the  trough  axis.  Similarly, 
Figure  4  depicts  the  same  fields  at  the  36  h  forecast  time 
valid  at  22/OOOOZ.  At  this  time,  the  forecast  trough  and 
closed  low  at  500  mb  lagged  the  analysis  by  about  160  nm. 
Height  errors  in  the  vicinity  of  the  upper- level  trough  are 
approximately  120  m,  while  errors  over  the  rest  of  the  domain 
are  considerably  less .  The  general  success  of  NORAPS  in 
forecasting  the  surface  and  upper- level  features  of  this  rapid 
developing  coastal  storm  presents  an  opportunity  to  use  the 
model  data  sets  to  study  more  detailed  aspects  of  the  IOP-5A 
development . 

To  study  how  the  frontal  structure  evolves  over  time 
during  IOP-5A,  primary  emphasis  will  be  given  to  the  sea  level 
pressure  charts  combined  with  the  surface  thermal  and  wind 
fields.  Similar  fields  for  the  900  nib  level  will  also  be 
presented.  Frontogenesis  confutations  for  the  surface  emd  900 
mb  level  will  also  be  provided.  Fields  of  frontogenesis  were 
obtained  using  the  Miller  and  Petterssen  equation.  The 
Lagrarnglem  derivative  of  the  horizontal  potential  tenqperature 
gradient,  formed  by  applying  the  Euler  esqpemslon  as  found  in 
Carlson  (1991  p.  351) ,  is  shown  below. 
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For  this  study  only  the  confluence  amd  shear  terms,  the  first 
two  terms  on  the  right  side  of  equation,  will  be  used  to 
estimate  d/dt|Vp  6| .  The  remaining  terms  tiere  not  found  to  be 
significant.  The  first  sigma  level  of  the  MORAPS  model 
(approximately  2  meters  above  the  surface)  was  used  to  produce 
fields  of  surface  frontogenesis.  In  addition,  model  vertical 
soundings  will  be  evaluated  and  compared  to  actual  soundings 
observed  during  the  eaq>eriment.  Model  cross  sections  will  also 
aid  in  determining  frontal  position  and  structure. 

There  remains  significant  interest  in  frontal  evolution  as 
noted  in  Nelman  and  Shapiro  (1993) ,  Maas  and  Shultz  (1993) ,  as 
well  as  McGinnlgle  (1988) .  In  addition,  forecasting  the 
structure  and  develppment  of  sub- synoptic  scale  features  in 
coastal  areas  remains  a  difficult  task,  largely  because  timely 
synoptic  observations  often  end  at  the  shore  line.  Even  with 
special  collection  efforts  such  as  the  ERICA  study,  large 
ocean  areas  may  not  be  adequately  saiqpled,  leaving  large  gaps 
where  significant  mesoscale  activity  may  develop.  In  an  effort 
to  coidt>at  the  sparsity  of  data,  grldded  data  sets  are  often 
used  in  place  of  imverifled  analyses.  Therefore,  this  study 
utilizes  a  data  base  consisting  of  the  3 -hourly  NORAPS 
forecast  fields  augmented  with  the  special  data  available  from 
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the  BRZCA  studies.  The  ability  of  the  high  resolution  model  to 
resolve  the  sxib- synoptic  scale  features  amd  the  frontal 
evoluticm  of  a  rapidly  deepening  coastal  cyclone  will  be 
established. 

h.  20/1200B  January  1989 

Figure  5  presents  the  sea -level  pressure  and  isotherms  at 
the  start  of  the  forecast  period,  20/1200Z.  At  this  time  the 
incipient  low  is  located  north  of  Ladce  Ontario  with  a  central 
pressure  of  1003  mb.  The  IOP-5  cyclone  is  located  1,100  nm 
farther  to  the  east  with  a  central  surface  pressure  of  980  mb. 

A  con^lex  frontal  pattern  exists  with  four  distinct 
baroclinic  zones  evident.  An  arctic  front  extends  southwest 
from  central  Quebec,  upstream  of  the  low  through  Michlgaui, 
Illinois  and  ending  in  northeastern  Missouri.  This  front  is 
very  intense  north  of  the  Great  Lakes  as  evidenced  by  the 
tight  toi^rature  gradient.  A  northern  warm  frontal  beuad 
extends  from  the  low  center,  east  through  Quebec  and  into  New 
Brunswick.  The  polar  front  extends  south  of  the  low  along  the 
pressure  trough  through  western  New  York,  central 
Pennsylvania,  Virginia  and  across  western  North  Carolina.  This 
cold  front  is  not  clearly  indicated  in  the  isotherm  analysis 
at  this  time  but  is  evident  in  the  Isobar  pattern  amd  is 
carried  on  operational  National  Meteorological  Center  (NMC) 
charts  (not  shown) .  In  addition,  a  coastal  front  is  evident 
that  extends  from  the  New  Jersey  shore,  southwest  along  the 


east  coast.  A  very  weak  warm  front  intersects  the  coastal 
front  along  the  temperature  ridge  line  amd  extends  to  the 
southeast.  There  is  an  open  urave  in  the  temperature  pattern 
with  a  warm  tongue  along  the  Southeast  Coast.  This  feature  is 
also  evident  at  850  mb  (Figure  6)  amd  at  levels  up  to  600  mb 
(not  shown) .  The  arctic  front  and  polar  front  are  also  present 
at  850  inb  as  well. 

B.  20/18002  January  1989 

Over  the  next  six  hours,  the  low  center  moves  east  amd  the 
central  pressure  deepens  slightly  to  lOOl  mb  (Figure  7) .  By 
20/1800Z,  the  northern  portion  of  the  arctic  front  extends 
across  Quebec  amd  LaJce  Ontario.  The  portion  of  the  front 
southwest  of  Ladce  Ontario  began  to  dissipate.  A  weak  %«arm 
front  is  still  evident  north  amd  east  of  the  surface  low.  This 
warm  front  intersects  the  arctic  front  in  southern  Quebec  and 
extends  northeast  across  the  mouth  of  the  St.  Lawrence  River 
amd  into  eastern  Quebec.  The  cold  synoptic  (polar)  front  has 
pushed  east  amd  extends  southwest  from  eastern  Penney Ivamia, 
to  South  Carolina.  The  thermal  packing  of  this  front  is  more 
clearly  defined  at  this  time.  The  coastal  cold  front  amd  the 
associated  warm  front  are  notaUaly  stronger  as  well. 

Figure  8  depicts  surface  frontogenesis  at  this  time.  Three 
areas  of  positive  values,  which  directly  correlate  with  the 
locations  of  the  arctic,  synoptic -scale  cold,  and  the  coastal 
fronts  are  evident.  The  outermost  contour  of  the  positive 


areas  have  been  highlighted  for  ease  of  identification.  The 
arctic  front  displays  the  largest  frontogenesis  values  at  this 
tine.  Figure  9  depicts  model  surface  latent  heat  flxixes.  The 
areas  of  nuuclmum  latent  heat  flux  just  off  the  East  Coast 
correspond  with  the  general  position  of  the  Gulf  Stresun. 
Another  latent  heat  maximum  near  40^N,  50^  is  located  to  the 
southwest  of  the  IOP-5  center.  Signlficamt  dewpoint 
depressions  (Figure  9)  over  the  open  ocean  indicate  surface 
latent  heat  fluxes  are  occurring  as  indicated  by  the  model. 
The  distinct  appearance  of  dual  fronts  along  the  Bast  Coast  is 
not  observed  in  the  thermal  pattern  at  the  900  mb  level « 
(Figure  10) .  However,  a  broad  baroclinic  zone  can  be  seen  from 
New  England  and  eastern  Canada  to  the  southeastern  United 
States.  In  addition,  the  Intense  arctic  front  is  evident  over 
Quebec  west  of  the  low. 

A  developing  cloud  wave  pattern  can  be  seen  in  the  GOES 
satellite  Imagery  of  20/1801Z  (Figure  11)  .  The  darkest 
enhanced  cloud  tops  in  the  upper  right  half  of  the  image  are 
associated  with  IOP-5.  There  are  three  distinct  cold 
(enhcuaced)  cloud  regions  over  eastern  Cemada  and  the  U.S.  east 
coast.  The  southernmost  cloud  tier  is  associated  with  the 
coastal  front  and  also  corresponds  closely  to  the  areas  of 
meuclmum  surface  latent  heat  flux  as  shown  in  Figure  9.  The 
middle  and  northern  tiers  are  associated  with  the  arctic  front 
and  the  incipient  surface  system. 
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The  NORAPS  forecast  fields  and  satellite  data  illustrate 
the  complexities  of  the  I0P-5A  cyclone  structure  early  in  its 
development.  Specifically,  this  cyclone  does  not  form  along  a 
single,  baroclinic  zone  as  discussed  by  Neiman  amd  Shapiro 
(Figure  1)  or  by  Mass  and  Shultz  (1993)  .  In  particular,  the 
cloud  and  frontal  analysis  show  several  important  pre-existing 
baroclinic  zones  on  the  edge  of  the  developing  cyclonic 
circulation.  An  intensifying  coastal  front  with  a  distinct 
warm  tongue  to  the  south  and  a  strong  arctic  front  present 
west  of  the  low.  The  circulations  associated  with  these  fronts 
appear  responsible  in  orgemizing  the  signlficemt  clouds  and 
precipitation  as  depicted  in  Figure  11. 

C.  21/OOOOZ  January  1989 

By  21/OOOOZ,  the  synoptic- scale  low  moves  to  the  southeast 
and  is  positioned  over  central  Maine  with  a  pressure  of  997  mb 
(Figure  12)  .  The  mesoscale  details  associated  with  this 
movement  will  be  discussed  shortly.  Rapid  deepening  of  the 
storm  is  now  beginning  to  occur.  The  arctic  front  has  moved 
east  as  well,  and  is  located  just  west  of  the  low.  A  small 
warm  frontal  boundary  persists  over  southern  Quebec.  Over  the 
past  six  hours  the  synoptic  cold  front  weakened  auid  likely 
merged  with  the  coastal  front,  which  intensified  over  the 
western  Atlemtic  Oceem.  Since  the  coastal  front  has  moved  with 
the  developing  system  away  from  the  coast,  it  will  be  referred 
to  as  the  synoptic  cold  front  hereafter.  The  synoptic  warm 
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frontal  boimdary  associated  with  this  cold  front  can  clearly 
be  seen  in  the  isotherm  field  (Figure  12)  and  on  the  surface 
frontogenesis  chart  as  a  separate  area  of  positive 
frontogenesis  (Figure  13)  .  The  surface  frontogenesis  also 
shows  that  the  arctic  front  is  Intensifying,  and  extends 
farther  to  the  northeast  into  the  Gulf  of  St.  Lawrence.  The 
arctic  frontogenesis  is  due  to  convergence  associated  with 
cyclone  circulation. 

An  excunination  of  the  900  mb  tenperature  forecast  (Figure 
14) ,  shows  that  a  distinct  rotation  of  the  thermal  ridge  over 
New  Engleuid  from  a  southwest -northeast  orientation  to  a  more 
north- south  alignment  had  occurred  over  the  last  six  hours. 
Rotation  of  the  thermal  ridge  is  not  evident  at  the  surface 
however.  The  presence  of  the  warm  tongue  has  become  more 
evident  as  can  be  seen  by  the  8*^0  contour  line,  which  now 
extends  north  of  40^N. 

Frontal  areas  are  also  evident  on  GOES  Infrared  satellite 
Imagery  valid  at  21/OOOlZ  (Figure  15) .  There  is  a  distinct 
frontal  wave  cloud  signature  associated  with  the  old  coastal 
euid  warm  front  south  of  Maine.  In  fact,  the  coldest  cloud  tops 
(<  -60  °C,  the  dark  enhemced  areas  of  the  image)  are  located 
near  the  peeUc  of  the  warm  sector.  The  most  Intense  areas  of 
the  polar  front  can  be  located  by  the  enhcuiced  cloud  area 
extending  frcrni  Maine  to  eastern  Ceuiada. 
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O.  21/0300S  January  1989 

Over  the  next  three  hours  the  IOP-5A  cyclone  tracks  east 
and  is  centered  over  eastern  Maine  with  a  central  pressure  of 
993  inb  (Figure  16) .  The  arctic  front  has  moved  east  and  once 
again  is  evident  as  far  south  as  eastern  West  Virginia.  Very 
cold  continental  arctic  air  is  located  northwest  of  the  front 
over  Ontario.  The  northern  warm  front  is  still  evident  in 
southeastern  Quebec.  The  synoptic  cold  front  has  moved  east 
and  the  warm  front  has  rotated  slightly  to  the  north.  The  two 
separate  areas  of  surface  frontogenesis  associated  with  the 
coastal  front  six  hours  earlier  (Figure  13)  have  merged  into 
a  more  intense  single  area  (Figure  17) .  Strong  frontogenesis 
continues  along  the  arctic  front  west  of  the  cyclone. 

The  900  mb  Isotherm  pattern  southeast  of  the  surface  low 
(Figure  18)  resembles  a  bent-back  warm  front  configuration 
similar  to  the  Shapiro  and  Keyser  (1990)  model.  The  first 
signlficeuit  evidence  of  frontogenesis  at  the  900  mb  level  is 
evident  (Figure  19)  and  is  nearly  identical  to  that  found  at 
the  surface  (Figure  17) .  Significeuit  frontogenesis  of  the 
arctic  front  is  also  present  at  900  mb  appearing  as  two 
distinct  centers  over  Maine  cuid  eastern  Cemada. 

S.  21/0600Z  January  1989 

Over  the  next  three  hours  the  low  continues  to  track  along 
the  northern  coast  of  the  Bay  of  Fundy  and  deepens  another 
four  mb  to  989  mb  (Figure  20) .  The  arctic  front  has  moved 


20 


significantly  to  the  east  over  the  Gulf  of  St.  Lawrence  to  New 
England  following  the  movement  of  the  surface  low.  The 
northern  warm  front  is  clearly  defined  bending  south  from 
southern  Quebec  to  St.  Georges,  Newfoundland.  The  synoptic 
cold  front  continues  to  move  east  and  the  associated  warm 
front  rotates  slightly  to  the  north.  Surface  latent  heat  flux 
conqputed  by  NORAPS  continues  to  show  a  maximum  value  in  the 
vicinity  of  the  Gulf  Stream  with  a  secondary  maximum 
Immediately  downstream  of  the  coastal  front  in  the  area  of  the 
warm  sector  (Figure  21)  .  Again,  dewpoint  depressions  are  shown 
in  the  figure  from  the  observed  surface  reports.  An  increase 
of  the  surface  fluxes  from  20/18Z  (Figure  9)  is  consistent 
with  larger  dewpoint  depressions  them  at  21/06Z. 

Cold- air  advectlon  northwest  of  the  surface  low  continues 
to  amplify  the  bent -back  appearance  of  the  isotherms  at  the 
900  mb  level  (Figure  22)  .  The  thermal  ridge,  north  of  44°N 
shifted  to  a  more  southeast  to  northwest  orientation  due  to 
the  circulation  eUDout  the  cyclone.  Figure  23  which  depicts 
frontogenesis  for  the  900  mb  level,  shows  greater  values 
compared  to  the  surface.  Also  present  is  the  distinct 
formation  of  a  warm  frontal  zone  that  is  perpendicular  to  the 
main  cold  front.  The  polar  front  appearemce  and  development  of 
a  distinct  warm  frontal  band  are  also  evident  in  the  850  mb 
fields  (not  shown) . 

GOES  satellite  imagery  valid  at  21/0601Z  (Figure  24)  shows 
two  distinct  cloud  mass  structures.  The  cloud  mass  with  the 
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darkest  (coldest)  tops  is  located  to  the  southeast  of  the  low 
center  emd  is  associated  with  the  synoptic  fronts.  7110  second 
major  cloud  mass  located  over  eastern  Quebec  has  formed  in  the 
cold  polar  air  upstresun  of  the  old  coastal  front,  and  shows 
comma  cloud  characteristics.  The  satellite  imagery  agrees  with 
model  frontal  forecasts  showing  the  merger  of  the  pre-existing 
fronts  during  the  cyclogenesis  period. 

F.  21/1200Z  January  1989 

After  21/06Z,  the  Z0P-5A  cyclone  moves  from  the  Bay  of 
Fundy,  near  Saint  Johns,  to  a  position  on  the  eastern  shore  of 
Prince  Edward  Island.  A  deepening  rate  of  13  nib  (6  h) is 
indicated  in  the  NORAPS  forecast  from  21/0600Z  to  21/1200Z, 
aind  the  central  pressure  drops  to  978  nda  (Figure  25)  . 

The  arctic  front  continues  to  intensify  and  move  to  the 
east.  However,  between  central  Zjabrador  and  the  western  Gulf 
of  St.  Lawrence,  the  front  has  moved  westward  approximately  30 
nm  over  the  past  six  hours  due  to  the  circulation  ed>out  the 
cyclone.  Although  the  northern  warm  front  remains  in  the  same 
location,  it's  intensity  is  weaker.  The  synoptic  frontal 
system  continues  rotating  cyclonically  but  now  extends  to 
the  cyclone  center  where  it  Intersects  the  arctic  front.  This 
section  of  the  synoptic  front,  between  the  arctic  front  emd 
the  triple  point,  is  classified  as  a  warm  type  occlusion 
because  the  coldest  air  mass  is  located  ahead  of  the  front. 
The  surface  temperature  field  immediately  to  the  south  of  the 
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low  center  continues  to  show  a  cyclonic  rotation  of  the 
thennal  ridge.  This  rotation  is  similar  to  that  which  was  seen 
12  hours  earlier  (Figure  14)  at  the  900  mb  level. 

Surface  frontogenesis  values  (Figure  26)  have  increased  in 
three  areas.  Two  are  associated  with  the  synoptic  fronts  and 
the  third  area  with  the  arctic  front.  There  is  again  a 
distinct  separation  between  the  cold  and  warm  fronts  of  the 
synoptic  baroclinic  zone.  Figure  27  shows  the  total 
accumulated  precipitation  for  the  previous  six  hours  ending  at 
21/12Z.  The  general  precipitation  pattern  closely  follows  the 
frontal  pattern,  while  the  local  precipitation  maocimum  is 
closely  associated  with  the  warm  tongue  from  the  south.  A 
secondary  maximum  is  found  in  the  Gulf  of  St.  Lawrence  near 
the  triple  point  of  the  arctic  emd  northern  %farm  front. 

The  900  mb  tenperature  pattern  (Figure  28)  shows  that  the 
arctic  front  has  intensified  during  the  past  six  hours  with  a 
marked  cyclonic  rotation  of  the  cold  front  into  the  warm 
sector.  The  warm  tongue  from  the  south  has  narrowed  and 
continues  to  extend  into  the  low  center.  This  thermal  pattern 
is  very  similar  to  that  fotind  by  Mass  emd  Shultz  (1993)  with 
the  cold  front  catching  up  to  the  warm  front.  Figure  29 
depicts  far  more  intense  frontogenesis  at  the  900  mb  level 
than  is  found  at  the  surface. 

Satellite  imagery  valid  at  21/1201Z  shows  a  distinct, 
mature  comma  head  cloud  with  the  largest  cloud  mass  ediead  of 
the  low,  over  Newfoimdland  and  a  developing  dry  slot  south  of 
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the  cyclone  (Figure  30) .  The  mature  comma  head  cloud 
structure  formed  when  a  comma  cloud  In  the  polar  air  upstream 
of  the  main  frontal  band  merged  with  the  main  cloud  mass 
associated  with  the  old  coastal  front.  The  cloud  mass  merging 
and  evolution  during  the  rapid  deepening  is  veiry  similar  to 
the  "instant  occlusion*  scenario  described  by  Mullen  (1983) . 
The  presence  of  the  arctic  front  is  indicated  along  a  north- 
south  line  of  the  coldest  (darkest)  enhanced  cloud  tops.  The 
synqptic  fronts  and  associated  %rarm  tongue  coincide  with 
darkest  cloud  tops  east  of  the  dry  slot.  The  cloud  pattern 
seen  in  Figure  30  also  closely  corresponds  to  the 
precipitation  depiction  of  Figure  27. 

A  vertical  cross  section  from  43.3^N  68.8*^  (in  the  cold 
air)  northeast  of  the  surface  low  to  48.2°N  51.5^  (south  of 
the  low  2md  across  the  old  coastal  front  and  warm  tongue)  is 
presented  in  Figure  31.  The  location  is  Indicated  in  Figure 
25.  The  arctic  front  dominates  the  western  side  of  the  cross 
section  extending  nearly  vertically  from  the  surface  to  900  mb 
euid  then  bending  westward  to  800  mb.  At  the  surface,  the  front 
is  located  over  central  Nova  Scotia  (Figure  25) .  The  cross 
section  bisects  the  warm  tongue  over  Cedx>t  Strait.  The  warm 
occluded  front  can  bs  seen  on  the  east  side  of  the  cross 
section.  The  model  indicates  saturated  conditions  ad>ove  both 
the  warm  emd  the  arctic  fronts. 

A  sounding  along  the  cross  section  at  Yarmouth,  Nova 
Scotia  (NQI) ,  verifies  the  location  of  the  arctic  front  to  be 
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between  650  lob  to  800  mb  (Figure  32) .  The  model  sounding  for 
the  same  location  positions  the  arctic  front  between  900  inb 
and  800  mb  (Figure  33) .  Note  the  excellent  agreonent  between 
the  model  and  observed  thermal  structure.  Both  the  observed 
and  model  soundings  depict  significant  moisture  values  above 
and  below  the  front.  The  model  wind  direction  aad  speed 
correspond  fairly  well  to  the  observed  sounding.  The  model 
sounding  however,  depicts  higher  wind  speeds  at  the  jet  level 
than  was  actually  observed. 

One  other  pair  of  model  and  observed  soundings  were 
collared.  The  location  of  these  soundings  is  at  St.  Johns, 
Newfoundland  (YYT) ,  which  is  in  the  cold  air  east  of  the 
surface  low  position  and  on  the  east  side  of  the  cross  section 
(Figure  31) .  The  observed  sounding  (Figure  34)  verifies  the 
presence  of  the  warm  occluded  front  between  930  ndb  euid  890  aib, 
while  the  model  soimdlng  (Figure  35)  positions  the  warm  front 
between  960  mb  emd  910  mb.  Both  soundings  depict  a  shallow  dry 
tongue  between  940  mb  to  800  mb,  which  is  also  evident  on  east 
side  of  the  cross  section  (Figure  31) .  A  deep  moist  layer  is 
present  above  800  mb  in  both  the  observed  euid  model  soundings. 
This  layer  is  consistent  with  the  deep  vertically  developed 
cloudiness  east  of  the  cyclone  (Figure  30) .  These  comparisons 
Indicate  the  model  skill  at  representing  both  the  arctic  front 
amd  frontal  structure  east  of  the  cyclone  at  the  24  h  point  in 
the  forecast. 
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O.  21/18001  January  1989 

The  IOP-5A  cyclone  continued  to  deepen  from  21/1200Z  to 
21/1800Z,  but  only  at  a  rate  of  three  ab  (6  h)'^.  During  that 
time,  the  971  inb  center  moved  across  the  Gulf  of  Saint 
Lawrence  at  a  speed  of  25  kts  (Splnelli  1992)  to  a  position 
near  St.  Georges,  Newfoundland  (Figure  36) .  The  frontal 
structure  remained  intact  with  the  presence  of  arctic  polar 
and  synoptic  fronts.  The  arctic  front  remains  located  on  the 
west  side  of  the  low  center  In  the  general  position  of  a  bent- 
back  uraiin  front  by  the  end  of  the  period.  The  associated 
northern  warm  front  has  weakened  and  Is  no  longer  evident.  The 
surface  temperature  structure  shows  that  the  elongated  warm 
tongue  has  changed  orientation  to  a  nearly  west -east 
alignment .  The  main  cold  front  continued  to  intensify  although 
there  appears  to  be  a  weakening  of  the  warm  frontal  region 
after  21/1200Z  as  depicted  by  the  frontogenesis  analysis 
(Figure  37)  .  The  bent-back  structure  at  the  900  nib  level 
continues  to  be  more  evident  than  at  the  surface  (Figure  38) . 

The  largest  frontogenesis  values  remain  at  the  900  nib  level 
(not  shown) . 

Satellite  imagery  at  1801Z  (Figure  39)  shows  a  mature 
cyclone  vortex  cloud  pattern  with  the  coldest  cloud  top 
tenperatures  ahead  of  the  low,  east  of  Newfoundland  near  the 
frontal  triple-point  location  (Figure  36) .  The  water  vapor 
imagery  valid  at  1701Z  (Figure  40)  shows  a  very  distinct  dry 
slot  extending  from  the  Chesapeake  Bay  area,  northeast  to  the 
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low  center  on  the  trailing  side  of  the  cloud  bamd.  A  distinct 
hook  of  the  moisture  and  clouds  west  of  the  cyclone  is  also 
evident  in  the  vicinity  of  the  surface  low. 

A  vertical  cross  section  from  Bedford,  Massachusetts  (BED) 
42.6^,  71.1^,  through  the  surface  low,  crossing  both  the 
warm  tongue  amd  front  and  termiziating  in  Gauider,  Newfoundlamd 
(YQX)  49.0^,  54.8^,  is  presented  in  Figure  41.  The  location 
of  the  cross  section  is  shown  in  Figure  36.  Two  closed  pools 
of  arctic  air  below  900  mb  dominate  the  %rest  side  of  the  cross 
section.  The  two  cold  pools  are  separated  by  the  warming 
effect  of  the  water  where  the  cross  section  passes  over  the 
Gulf  of  Maine.  The  southern  end  of  the  arctic  front  is 
located  near  the  center  of  the  cross  section  where  the 
tightest  packed  theta  lines  intersect  the  surface.  The  warm 
tongue  in  the  isotherm  patterzua  of  Figures  36  amd  38  is  noted 
by  the  trough  in  the  theta  surfaces  below  900  mb  on  the  east 
side  of  the  cross  section.  The  dark  (dry)  area  over  central 
Newfoundlamd  in  the  water  vapor  imagery  mentioned  above, 
coincides  with  the  minimum  in  the  relative  humidity  contours 
on  the  east  side  of  the  cross  section  aUt>ove  600  mb.  The 
relative  himiidity  contours  resemble  the  cloud  pattern  depicted 
in  the  warm  amd  cold  conveyor  belt  discussed  by  Carlson  (1990 
p.320).  A  dry  slot  (<  10%  RH)  extends  down  to  650  mb  which 
separates  very  moist  areas  of  the  warm  amd  cold  conveyor 
belts.  Below  the  dry  slot  high  relative  humidity  values  (90%) 
dominate  near  the  surface. 
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The  arctic  front  location  le  also  evident  In  the  observed 
sounding  taken  at  Shearwater,  Nova  Scotia  (YAW)  as  Illustrated 
by  the  frontal  Inversions  and  deep  moisture  layer  (Figure  42) . 
The  model  sounding  at  this  location  also  depicts  a  low> level 
Inversion  with  high  moisture  values  (Figure  43)  again  closely 
representing  the  actiuil  sotmdlng. 

B.  21/2100B  January  1989 

In  the  final  stages  of  deepening  the  low  moves  northeast 
to  a  position  In  the  Gulf  of  St  La%n:ence  near  St.  Georges  Bay 
and  reaches  Its  lowest  forecast  central  pressure  of  971  nib 
(Figure  44) .  The  arctic  front  and  the  occluded  front  join  west 
of  Newfoundland  In  the  northern  portion  of  the  low  center.  The 
occluded  front  has  continued  a  counter- cloc)cwlse  rotation 
about  the  vortex.  A  closed  Isotherm  center  has  developed  at 
the  surface  Indicating  the  presence  of  a  warm  core  seclusion 
similar  to  that  described  by  Shapiro  emd  Keyser  (1990) . 
Inspection  of  the  900  mb  tenperature  chart  (Figure  45)  reveals 
the  bent-back  configuration  of  the  thermal  pattern  Is  still 
more  elongated  amd  magnified  than  at  the  surface,  however  no 
seclusion  Is  found  at  this  level. 

Z.  22/OOOOZ  January  1989 

The  final  time  period  shows  the  IOP-5A  cyclone  maintaining 
a  central  pressure  of  971  mb  (Figure  46) .  The  cyclonic 
rotation  and  northeast  movement  of  the  synoptic  front 
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continues  to  suggest  a  frontal  occlusion  In  the  thermal 
pattern.  In  particular,  the  occluded  front  extends  from  just 
«fest  of  the  low  and  wraps  around  the  northwest  side  of  the  low 
center.  The  presence  of  a  warm  sector  in  conjunction  with  the 
synoptic  cold  front  has  beccmie  less  distinct.  The  closed 
isotherm  at  the  surface  which  is  indicative  of  the  warm  core 
seclusion,  has  persisted  and  is  located  over  Newfoundland. 

The  satellite  imagery  at  22/OOOlZ  (not  shown)  shows  a 
dissipating  comma  head  with  a  front  still  visible.  The  main 
cloud  band  to  the  east  of  the  low  moved  a%#ay  from  the  cyclone 
center  toward  the  east.  The  system,  now  fully  mature  amd 
vertical  begins  to  fill  as  it  moves  out  over  the  North 
Atlantic  Ocean. 

J.  Barly  Mssosoals  Psvslopmsnt 

Splnelll  (1992)  conducted  a  subjective  hourly  analysis  in 
order  to  more  closely  examine  the  mesoscale  aspects  of  I0P-5A 
before  the  es^losive  deepening  stage.  From  these  analysis  lOP- 
5A  was  found  to  have  evolved  from  two  separate  low  centers 
that  the  NORAPS  analysis  did  not  depict.  Spinelli  speculated 
that  the  secondary  low,  which  developed  on  the  east  side  of 
the  i^ppalachlan  chain,  resulted  from  lee  side  cyclogenesis  and 
that  this  low  deepened  rapidly  and  likely  becaune  the  primary 
low  center  for  the  I0P-5A  system. 

A  stibjective  thexmal  analysis  was  performed  on  Spinelli 's 
analysis  of  1500Z/20  and  is  presented  in  Figure  47.  The  pre- 
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existing  cyclone  was  located  over  southern  Quebec  with  a 
central  pressure  of  1002  mb.  The  new  secondary  low  was  located 
approximately  150  nm  to  the  southeast  in  southern  Vermont  with 
a  central  pressure  of  1006  mb.  The  thermal  pattern  indicates 
that  the  northern  low  is  centered  on  a  weak  thennal  ridge  with 
tight  thermal  packing  occurring  through  the  low  center.  A 
distinct  warm  tongue  is  analyzed  from  the  south  along  the 
coast  of  Connecticut  and  New  York  to  the  southeast  of  the 
northern  low.  The  warm  tongue  immediately  precedes  the 
synoptic  cold  front.  A  coastal  baroclinlc  zone  is  amalyzed  to 
the  east  of  the  smaller  low  along  the  coast. 

A  siibjective  thermal  analysis  was  also  performed  on 
Spinelll's  analysis  of  2100Z/20  and  is  presented  in  Figure  48. 
Over  the  previous  six  hours  the  tight  thermal  packing 
associated  with  the  northern  low  center  has  weakened,  while 
the  leading  edge  of  the  polar  front  to  the  west  appears  to  be 
intensifying.  A  warm  tongue  from  the  south  extends  well  into 
the  center  of  the  secondary  coastal  low.  A  warm  frontal  beuid 
passes  across  the  northern  part  of  the  low  and  a  developing 
baroclinlc  zone  can  be  seen  to  the  west  of  the  low.  From 
20/15Z  to  21/21Z  the  northern  low  deepened  5  mb  while  the  new 
coastal  low  deepened  8  mb. 

The  presence  of  a  developing  coastal  baroclinlc  zone  and 
tongue  of  WLxm  air,  which  provides  warm,  moist,  unstcUsle  air 
is  conducive  to  further  cyclone  development.  These  factors 
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confirm  Splnelll's  speculation  that  the  coastal  low  developed 
into  the  primary  I0P-5A  cyclone. 

From  the  discussion  above,  the  moveoient  of  the  IOP-5A 
cyclone  to  the  southeast,  as  noted  in  the  21/OOZ  synoptic 
discussion  is  consistent  with  the  rapid  deepening  of  the 
secondary  coastal  low.  The  failure  of  the  NORAPS  analysis  and 
forecast  to  define  a  separate  secondary  low  center  may  be  due 
to  resolution. 

X.  Sumsaxy 

Tbe  frontal  evolution  of  I0P-5A  does  not  fit  neatly  into 
a  single  category  of  development.  Rather,  it  showed  properties 
similar  to  a  classical  occlusion  and  some  evidence  of  the 
bent -back  %farm  front  structure  as  described  by  Shapiro  and 
Keyser  (1990) . 

An  examination  of  the  mature  stage  of  the  I0P-5A  cyclone 
does  show  an  Intense  frontal  zone  northeast  to  southwest  of 
the  low  (Figure  36) .  This  feature  has  been  classified  in  other 
marine  cyclones  as  a  bent -back  warm  front  (Shapiro  emd  Keyser 
1990) .  However,  the  cyclone  shows  a  classic  occlusion 
extending  to  the  southeast  of  the  storm  (Figure  25)  .  In 
addition,  the  evolution  of  these  features  is  quite  different 
than  the  other  studies.  In  particular,  pre-existing  frontal 
zones  intensified  during  the  rapid  cyclogenesis  euid  evolved 
into  cyclone  frontal  structures  rather  than  forming  as  a 
result  of  the  cyclogenesis. 
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A  conoposlte  of  the  arctic  front  evolution  is  presented  in 
Figure  49  at  12  hour  intervals  from  20/12Z  to  22/OOZ.  The 
arctic  front  was  a  well  defined  baroclinic  zone  at  the 
incipient  stage  of  cyclone  development.  This  front  intensified 
as  the  cyclone  developed  and  was  consistently  located  in  the 
immediate  vicinity  of  the  low  throughout  the  observation 
period.  The  portion  of  the  arctic  front  north  of  the  cyclone, 
advanced  ahead  of  the  low,  appearing  to  wrap  around  the 
cyclone.  This  forward  advamcexnent  was  only  slowed  during  the 
most  explosive  deepening  stage.  The  portion  of  the  polar  front 
south  of  the  cyclone  remained  evident  over  land,  but  weakened 
as  it  crossed  over  the  relatively  warmer  oceam  waters.  The 
associated  warm  front  displayed  a  cyclonic  rotation  throughout 
development  and  finally  weakened  during  the  mature  stage. 

Figure  50  shows  a  conqposlte  of  the  coastal  front  positions 
every  six  hours  from  20/12Z  to  22/OOZ.  The  coastal  front 
begaui  as  a  weak  baroclinic  zone  along  the  Mld-Atleuatic  States, 
located  well  to  the  southeast  of  the  incipient  low.  The  front 
continued  to  rotate  cyclonlcally  and  intensify,  in  the 
presence  of  a  strong  warm  tongue,  conveyor  belt  and  developing 
low.  The  northern  portion  of  the  front  occluded  emd  extended 
into  the  low  by  21/12Z. 

Although  there  was  supplemental  observations  from  the 
BRian  project,  there  still  is  not  enough  surface  marine  and 
upper  air  data  to  study  the  sub- synoptic  frontal  structure  of 
this  coastal  cyclone.  Fortxinately,  the  regional  NORAPS 
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slinulation  provided  a  realistic  depiction  of  the  frontal 
features  associated  with  this  cyclone.  Cross-sections  and 
soundings  fran  the  model  run  were  verified  with  available 
ERICA  soundings.  In  addition,  observed  cloud  features  were  in 
strong  agreement  with  model  diagnosed  frontal  circulations. 

ERICA  data  was  also  used  to  determine  the  mesoscale 
features  of  the  over- land  coastal  development  period.  A 
subjective  thermal  analysis  revealed  the  presence  of  a  warm 
tongue  and  a  developing  coastal  baroclinic  zone  to  the 
southeast  of  the  new  coastal  low.  The  warm  tongue  provided 
elements  that  were  conducive  to  secondary  cyclone  development. 
This  thermal  analysis  'supports  the  hypothesis  that  the 
mesoscale  coastal  low  developed  into  the  I0P-5A  cyclone. 
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ZV.  CQNCLUSZONS  AITO  RICOMIIBNDATZONS 


A.  CONCLUSIONS 

Analysis  of  the  frontal  evolution  associated  with  the 
development  of  the  cyclone  observed  during  ERICA  IOP-5A 
revealed  that  the  frontal  evolution  was  not  a  well-defined 
case  of  any  single  frontal  evolution  model.  Distinct  pre¬ 
existing  fronts  significantly  influenced  the  frontal  evolution 
throughout  the  observation  period.  The  strong  arctic  and 
coastal  fronts  present  at  the  incipient  stage  of  cyclone 
development  intensified  as  a  result  of  the  rapid  cyclogenesis 
and  became  cui  integral  part  of  the  synoptic -scale  frontal 
structure.  An  examination  of  the  mature  stage  of  I0P-5A  did 
show  intense  frontal  zones  in  areas  similar  to  the  bent -back 
warm  front  model  presented  by  Shapiro  and  Keyser  (1990),  as 
well  as  a  classic  occlusion  to  Mass  and  Shultz  (1993) . 

Conparisons  of  surface,  upper  air,  satellite  imagery  leads 
to  the  conclusion  that  on  the  sxib- synoptic  scale,  the  NORAPS 
model  provided  a  realistic  depiction  of  the  frontal  location 
and  intensities  associated  with  this  rapidly  deepening  coastal 
cyclone . 

In  order  to  resolve  the  over  land  mesoscale  activity  prior 
to  the  rapid  deepening  phase,  manually  produced  siibjective 
Isotherm  analyses  were  completed.  A  warm  tongue  and  a  coastal 
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barocllnlc  zone  were  analyzed  in  the  vicinity  of  the  new 
coastal  low.  These  features  provided  elements  that  supported 
further  cyclone  development.  The  Isotherm  analyses  reinforce 
the  hypothesis  that  the  new  coastal  low  developed  into  the 
I0P-5A  cyclone. 

B.  BICOMMBIDATZQHS 

.Examination  of  the  frontal  evolution  of  other  ERICA  storms 
is  needed  to  determine  the  types  of  frontal  evolution 
observed.  In  addition,  the  effect  of  pre-existing  baroclinic 
zones  on  frontal  evolution  should  also  be  evaluated. 

The  thermal  analysis  of  this  study  supports  the  idea  that 
the  mesoscale  coastal  low  developed  into  the  primary  lOP  5A 
cyclone;  however,  queuatitative  evidence  to  support  that 
conclusion  remains  a  research  issue.  Further  studies  to 
investigate  the  mesoscale  coastal  development  stage  are 
clearly  needed. 

The  presence  of  the  warm  conveyor  belt  was  noted  in 
several  places  in  this  study  however,  it  is  not  known  how  well 
this  feature  was  modeled.  The  ERICA  data  set,  and  this  storm 
in  particular  provides  an  excellent  opportunity  to  deteinnine 
the  eUoility  of  the  NORAPS  model  to  accurately  depict  the 
structure  of  the  warm  emd  cold  conveyor  belts. 

Finally,  this  study  was  primarily  a  qualitative  overview 
of  the  I0P-5A  frontal  evolution.  Future  research  efforts 
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should  concentrate  on  performing  more  quantitative  studies  of 
the  5RICA  observational  data  and  numerical  model  data. 


36 


Figur*  1.  Shapiro  and  Keyser  (1990)  Figure  10.27. 
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Figure  2.  Track,  (x's  forecast  position  and  pressure, 
o' 8  emalysis  position  and  pressure)  at  six  hour 
Intervals  from  20/12Z  to  22/OOZ. 
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Table  1.  COMPARISON  OF  NORAPS  FORECAST  CENTRAL  PRESSURE 
AND  POSITION  WITH  ANALYSES  FROM  1200/20  TO  0000/22  FROM 
SPINELLI  (1992) . 


analvai* 

foraoMt 

prMsim  •rror 

poaition  arror 

difaotton 

20/12 

lOOSmb 

lOOSmb 

0  mb 

1 

o 

nona 

20/1< 

lOOOmb 

1002inb 

•t-2  mb 

0  nm 

nom 

21/00 

997mb 

997mb 

0  mb 

0  nm 

noTM 

21/06 

986mb 

989mb 

4-3  mb 

20  nm 

north 

21/12 

973mb 

979inb 

45  mb 

60  nm 

north 

21/18 

970mb 

971  mb 

4l  mb 

90  nm 

northwaat 

22/00 

9e9mb 

971  mb 

42  mb 

160  nm 

northwraat 
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Figure  3.  500  mb  height  analysis  (dark  solid  lines, 

contour  interval  120  m)  and  forecast  heights  minus 
analysis  heights  (light  lines,  solid  positive  values, 
dashed  lines  negative  values ,  contour  interval  40  m)  valid 
at  21/12Z  Jan  1989. 


90  80  70  00  90 

Figure  4.  500  mb  height  azialysis  and  forecast  heights 
minus  analysis  heights  as  in  Figure  3,  except  for  22/OOZ 
Jamuary  1989. 
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Flgurtt  5.  Sea  level  pressure  (dark  solid,  contour  interval 
4  mb)  amd  tenperatiure  (light  solid,  positive  values,  light 
dashed  negative  values,  contour  Interval  l^C) valid  at 
20/12Z  Jamuary  1989. 
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Figure  €.  850  mb  temperature  (solid,  positive  values, 

dashed,  negative  values,  contour  interval  l°C)  valid  at 
20/12Z  Jamuary  1989. 
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Figure  8.  Surface  frontogenesls  (solid,  positive  values; 
dashed,  negative  values;  contour  interval 
5°C/day/100  ]an)  valid  at  20/18Z  Janxiary  1989. 
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Flgur*  9.  Surface  latent  bmtit  flux,  (contour  Interval  100 
watts/m^)  dote  Indicate  surface  report  locations,  numbers 
denote  dewpoint  depression,  valid  at  20/18Z  January  1989 . 


Figure  10.  900  mb  geopotentiaLl  height  (dark  solid,  contour 
interval  30  m)  and  temperature  (light  solid,  positive 
values,  light  dashed,  negative  values;  contour  interval 
l^C)  valid  at  20/18Z  Jeuxuary  1989. 
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Flgur*  12.  Sea  level  pressure  amd  tenperature  ais  In  Figure 
5,  except  for  21/OOZ  January  1989. 
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Figure  13.  Surface  frontogenesis  as  in  Figure  8,  except 
for  21/OOZ  Jamuary  1989. 
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Figure  14.  900  mb  geqpotentiaa  height  and  teiq>erature  as 
in  Figure  10,  except  21/OOZ  January  1989. 
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yigur«  15.  GOBS  enhanced  IR  satellite  imagery  at  21/OOOlZ 
Janxiary  1989. 


Figure  19.  900  znb  frontogenesis  (solid,  positive  values; 
dashed,  negative  values;  contour  interval  5°C/day/100  km) 
valid  at  21/03Z  Jeuiuary  1989. 
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21/06Z  January  1989 


52 


,  X  ^  ^  ^  ^  -  aO  go 

Figure  25.  Sea  level  pressure  amd  t&nperature  as  in  Figure 
5,  except  21/122  January  1989. 
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Figure  26.  Surface  frontogenesis  as  in  Figure  8,  except 
21/122  January  1989. 
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Figur*  27.  Total  accunulated  precipitation  over  the  past 
6  hours  (contour  Interval  1  cm)  valid  21/06Z  Janxiary  1989. 
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Figure  28.  900  mb  geopotential  height  and  temperature  as 
in  Figure  10,  except  21/12Z  January  1989. 


Figure  29.  900  mb  frontogenesis  as  in  Figure  19,  except  at 
21/12Z  Janiiary  1989.  Stippling  represents  areas  that  are 
below  ground  level. 
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Figur«  31.  Model  vertical  cross  section  (dark  solid, 
potential  tenqperature;  contour  Interval  light  dashed, 
relative  hxunldlty;  contour  Interval  10%;  stippled  greater 
than  50%  RH)  valid  at  12/12Z  Januau:y  1989. 
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Figurs  33.  Model  sounding  for  Yarmouth,  Nova  Scotia  (WQI) 
at  21/12Z  January  1989  (right  line  denotes  ten^erature; 
left  line  denotes  dew  point). 
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Plgur*  35.  Model  sounding  for  St.  Johns,  Ne%rfo\indleuid 
(YYT)  at  21/12Z  Jamuary  1989  (right  line  denotes 
ten^erature,  left  line  denotes  dew  point) . 
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Figur*  37.  Surface  frontogenesis  as  in  Figure  8,  except 
21/18Z  January  1989. 
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rigur*  38 
in  Figure 
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900  mb  geopotential  height  emd  temperature  as 
10,  except  21/18Z  Jemuary  1989. 
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Flgur*  39.  GOES  enhamced  IR  satellite  imagery  at  21/1801Z 
January  1989. 
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Figur#  40.  GOBS  water  vapor  imagery  at  21/1701Z  January 


1989. 
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Figure  41.  Model  vertical  cross  section  (dark  solid, 
potential  temperature;  contour  Interval  1°C;  light  dashed, 
relative  hxunldlty;  contour  Interval  10%;  stippled  greater 


than  50%  RH)  valid  at  21/18Z  January  1989. 


Flgur«  43.  Model  sounding  for  Shearwater,  Nova  Scotia 
(YAW)  at  21/18Z  January  1989  (right  line  denotes 
tesqperature ,  left  line  denotes  dewpoint)  . 


Flgur«  44.  Sea  level  pressure  and  cemperature  as  in  Figure 
5,  except  21/21Z  January  1989. 
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Figure  45.  900  mb  geopotentlal  height  auad  temperature  as 
In  Figure  10,  except  21/21Z  Jemuary  1989. 
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Figure  46.  Sea  level  pressure  and  tesoperature  as  in  Figure 
5,  except  22/OOZ  January  1989. 
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Figur.  47.  Spinelli  (1992)  Figure  38.  Subjective  surface 
analysis  (solid,  contour  interval  4  mb)  with 

=ontc»r 
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Flgur*  49.  Coonposite  Arctic  front  positions  in  twelve  hour 
increments  from  20/12Z  to  22/OOZ  Jamuary  1989. 


increments  from  20/12Z  to  22/OOZ  Jamuaxy  1989. 
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